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Abstract. Substantial evidence for cryptic female choice (CFC) has been reported in numerous 
taxa. However, the mechanisms of CFC are not fully established, partly due to the difficulties in 
disentangling female from male controls on paternity. The loss of sperm in the female sperm storage 
organs has been observed in several species of Lepidoptera. Due to the complex morphology of 
the female genitalia, males may not be able to displace sperm in the spermatheca mechanically. 
Therefore, the sperm of the male previously mated with might only be ejected by the female. To 
investigate the effect of sperm ejection by females on male reproductive success, we measured the 
sperm precedence in the swallowtail butterfly, Papilio xuthus (Linnaeus, 1767) using sterilized males. 
In this species, sperm loss from the spermatheca was more likely to occur in females that received a 
large spermatophore from the current male. The P 2 value (i.e. the proportion of eggs fertilized by 
the second male in a double-mating trial) exhibited a bimodal distribution with peaks at 0% and 
100%, indicating that most eggs laid after the second mating were sired by just one of a female’s 
mates. When a female had mated twice, the male that transferred the larger spermatophore was 
more likely to be the principal sire, irrespective of whether he was the female’s first or second mate. 
Therefore, male reproductive success appears to be affected by the ejection of sperm by the female, 
indicating that female sperm ejection is the mechanism of CFC in this butterfly species. 
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Introduction 

Postcopulatory sexual selection is important for 
males in polyandrous species, because a male does 
not always fertilize all the eggs laid by his mates. 
Hence, male reproductive success does not necessarily 
increase with the number of matings. Under polyandry 
males have to compete for fertilization of the eggs 
even after copulation, a phenomenon termed sperm 
competition (e.g. Simmons, 2001), which is considered 
a powerful selective force responsible for shaping 
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male reproductive traits (Harvey 8c Bradbury, 1994). 
In addition, female mechanisms that bias paternity 
toward males with preferred traits, i.e., cryptic female 
choice (CFC), have also been observed (Thornhill, 
1983). Although substantial indirect evidence of CFC 
has been reported in numerous taxa (e.g. Eberhard, 
1991), few studies have conclusively shown paternity 
bias to be driven by CFC (Fedina, 2007; Pizzari 8c 
Birkhead, 2000). Eberhard (1996) suggested that in 
order to unravel the particular female processes or 
traits involved in the CFC mechanism, it is necessary 
to demonstrate that (1) female responses to some 
conspecific males differ from responses to others, 

(2) this discrimination between males results in 
differences in reproductive success of the males, and 

(3) female biases are associated with particular male 
characteristics. 

Many potential CFC mechanisms such as premature 
interruption of copulation, lack of sperm transport 
to storage, the ejection of sperm in storage, lack of 
ovulation, selective abortion, and others have been 
proposed (Eberhard, 1996). Of these mechanisms, the 
loss of sperm in the female sperm storage organ, the 
spermatheca, has been observed in several species 
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of Lepicloptera (e.g. Pair etal., 1977). Lepidopteran 
males transfer a single spermatophore containing 
sperm to the bursa copulatrix of the female during 
copulation (Fig. 1). Sperm in the spermatophore 
starts to migrate to the spermatheca several hours 
after the termination of copulation (Watanabe & 
Hachisuka, 2005). After this migration, sperm 
is stored in the spermatheca and later used for 
fertilization. Because sperm cells in the spermatheca 
by far outnumber eggs in the female’s ovarioles, it has 
been believed that at least a certain number of sperm 
in the spermatheca survive throughout the female’s 
lifespan. Etman & Hooper (1979) showed that in the 
cotton leaf-worm, Spodopterci litura (Fabricius, 1775; 
Noctuidae), sperm in the spermatheca of re-mated 
females began to decrease in numbers, and the 
spermatheca became empty just after termination 
of the second copulation and then increased again. 
Due to morphological restrictions of the aedeagus 
of lepidopteran males, they cannot remove rival 
sperm mechanically from the spermatheca (e.g. 
Drummond, 1984). In addition, because the loss 
of sperm from the spermatheca occurred before the 
sperm migration of the current male started (Xu 8c 
Wang, 2010), the sperm in the spermatheca cannot 
have been washed away by the current male’s ejaculate. 
Thus, females apparently control this process. Using 
the swallowtail butterfly, Papilio xuthus (Linnaeus, 
1767), Watanabe 8c Sasaki (2010) demonstrated that 
sperm loss from the spermatheca was more likely to 
occur in females that received a large spermatophore 
from their second male mate. Therefore, lepidopteran 
females appear to be able to determine whether or 
not to eject sperm from a former mate on the basis 
of some traits of her mates. 

If females use sperm loss as a means of cryptic 
mate choice, presence or absence of sperm loss 
should result in differences in fertilization success of 
males. However, because sperm loss is an internal 
process, it is impossible to observe sperm loss and 
fertilization success in the same female. So, again 
using P. xuthus , we here compared the P 2 values (i.e., 
the proportion of eggs fertilized by the second male 
in a double-mating trial) between females to which 
larger spermatophores had been transferred from 
the second than from the first male, and females to 
which larger spermatophores had been transferred 
from the first than the second male. If sperm loss has 
a significant effect on male fertilization success, the 
If, value will be higher in females to which a larger 
spermatophore has been transferred from the second 
male, because sperm loss is more likely to occur in 
females that have received a large spermatophore 
from the second male. 
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Figure 1 . A schematic representation of the Papilio xuthus 
bursa copulatrix, including a spermatophore and accessory 
gland substances, and the spermatheca in a singly mated 
female (after Watanabe etal. (2000)). 


Materials and methods 

In the summer of 2010, Papilio xuthus females were 
captured in Ibaraki Prefecture (Japan) to found a 
captive breeding stock. To avoid diapause, eggs and 
larv ae collected from the females were reared on leaves 
of the host tree, araur cork, Phellodendron amurense 
Rupr., in the laboratory (room temperature of 28°C 
and natural long-day photoperiod in July). The 
laboratory-reared adults were weighed on the day of 
eclosion (Model AE-240, Mettler,Japan) to an accuracy 
of ±0.01 mg, and were given individual marks with a felt- 
tipped pen on their left hind wing. They were kept in 
net cages (400 x 400 x 450 mm) and fed a 20% sucrose 
solution for 10 min each day until mating. 

The effect of spermatophore size on the pattern of 
sperm use by females was investigated using females that 
were mated with a radio-sterilized male and a normal 
male. We used both virgin and mated males (within 
3 days after the first mating) to manipulate the size of 
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Table 1 . Body mass of both sexes and the ejaculate mass for each mating group (mean±3D). Statistical tests refer to ANOVA 
comparisons across the four sets of experimental animals. 



No. 

pairs 

Female 

Body mass (mg) 

First male 


Second male 


Body mass (mg) 

Ejaculate mass (mg) 

Body mass (mg) 

Ejaculate mass (mg) 

Set N/N 

8 

450.8±69.5 

331.1+42.9 

15.5+8.1 

340.5+54.3 

9.5±7.5 

Set S/S 

8 

448.4±69.3 

355.3+50.1 

15.1+3.4 

304.3+16.2 

11.3+5.5 

Set N/S 

12 

396.5+65.6 

324.6+53.4 

11.8+5.6 

322.3+58.3 

8.9±6.3 

Set S/N 

11 

446.4±63.4 

335.7+58.5 

10.6+3.2 

339.5+59.6 

13.1+5.7 



7=1.58, A=0.21 

F=0.55, /*=0.65 

/=1.97, /j=0.14 

7^0.92, /^0.44 

7=0.99, />=0.41 


the spermatophore they were able to transfer to the 
females. Niihara & Watanabe (2009) showed that a male 
re-mating within 3 days after a first mating transfer a 
smaller spermatophore than virgin males. Sterilization 
of males was carried out by exposure to y-rays from a 
60 Co source (Gammacell-220, Nordion International Inc., 
Kanata, ON, Canada) at a dose of250 Gy (dose rate: 100 
Gy/min). The dose was based on those used in previous 
studies with other species (Bissoondath Sc Wiklund, 
1997; Seth et al ., 2002). Irradiation was performed on 
the morning of the males’ mating day. 

Eighty-nine virgin females were hand-paired on 
the day after eclosion with normal (N) or sterile (S) 
males. The body mass of the females before and after 
mating was measured. Due to the impossibility to 
measure the actual size of the spermatophore without 
dissection, we used the increase in female mass after 
mating as a proxy of the size of the spermatophore 
transferred (±0.01 mg). After the first mating, females 
were placed individually in egg-laying cages (400 
x 400 x 450 mm) with leaves of the larval host tree 
in order to deposit their eggs and fed 20% sucrose 
solution for 10 min each day. Leaves were replaced 
daily, and all eggs deposited were counted. 

Three to four days after the first mating, mated 
females were mated again with either N males or S 
males. Females were weighed before and after mating 
to estimate the size of the second spermatophore they 
had received. After the second mating, females were 
again placed individually in egg-laying cages with 
leaves of the larval host tree in order to deposit their 
eggs and fed 20% sucrose solution for 10 min each day. 
Leaves were replaced daily until the females died, and 
all eggs deposited were counted. Probably because of 
the laboratory conditions such as limited insolation 
or limited size of the cages, some females failed to lay 
substantial numbers of eggs. Therefore, only 39 out 
of 89 females mated twice, which laid more than 10 
eggs after the second mating, were considered in the 
subsequent analyses. The numbers of females mated 


successively with two N males (set N/N), with two S 
males (set S/S), first with an N male, followed by a 
second mating with an S male (set N/S), and first with 
an S male, followed by a second mating with an N male 
(set S/N), were 8, 8, 12 and 11, respectively. 

The I\, value was calculated from the viability of 
eggs (the percentage of eggs that hatched) laid by 
females in set N/S and set S/N. Because the possibility 
remains that a certain proportion of eggs fertilized by 
an N male do not hatch and a certain proportion of 
eggs fertilized by an S male may hatch, the proportion 
of eggs fertilized by sperm from the second mating 
was calculated using the following formula (Sillen- 
Tu lib erg 1981): 

^ 2 ” (\setN/S ~~ ^SetS/S^^Set N/N ~~ ^SetS/S^ 

or 

— (^SetS/N ~~ ^SetS/S^/^Sct N/N ~~ ^SetS/S^ 

where P 9 = the proportion of eggs fertilized by the 
sperm of the second mate, and X & N and X SetS/s 
represent the average viability of eggs derived after 
the second mating from a female mating successively 
with either two N males or two S males, respectively. 
X SelS /N indicates the viability of eggs derived after the 
second mating from a female mating first with an S 
male, followed by a second mating with an N male. 
And X Set N/s is the viability of eggs derived after the 
second mating from a female mating first with an N 
male, followed by a second mating with an S male. 

The difference in female body mass, indicating 
spermatophore mass, among the sets was analyzed using 
ANOVA. The body mass, indicating spermatophore 
mass, was also compared between the first and the second 
males in each set by using the Mann-Whitney CZ-test. P 2 
values were analyzed with generalized linear models with 
binomial errors of the percentage of offspring sired by 
the second male to mate. As explanatory variables, we 
used relative ejaculate mass (log(weightgain of females 
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Table 2. Number of eggs laid (mean+SD) and hatching rate (mean±SE) for each mating group. 



Before the second mating 


After the second mating 


n 

No. eggs laid 

Hatching rate (%) 

n 

No. eggs laid 

Hatching rate (%) 

Set N/N 

6 

61.3±42.9 

82.0±7.1 

8 

84.4±71.2 

86.9±3.5 

Set S/S 

7 

85.3±51.9 

22.4±7.3 

8 

27.3±18.6 

17.9±7.6 

Set N/S 

11 

58.5±34.8 

75.8±6.2 

12 

43.8±35.6 

66.1 ±9.0 

Set S/N 

9 

73.0+49.2 

12.4±9.4 

11 

53.2±31.0 

57.0±12.6 

n: number of females examined 


Table 3. Results of the generalized linear model of factors that contribute to variation in P 2 values. 


df 

Estimate 

SE 

z 

p 

(Intercept) 


-0.34 

0.92 

-0.37 

0.715 

Relative spermatophore size 

1 

2.27 

1.13 

2.00 

0.045 

Order of sterilized male mate 

1 

0.57 

1.04 

0.55 

0.582 

Number of eggs laid before the second mating 

1 

0.00 

0.01 

-0.09 

0.929 


due to the second mating/that of the first mating)) and 
the mating order of sterilized males (NS or SN). The 
number of eggs laid between the first and the second 
mating was also included as an explanatory variable, 
to identify the effect of the amount of first males 
sperm remaining in the spermatheca on P values. All 
statistical evaluations were performed with the R (ver. 
2.9.1) statistical package (R Development Core Team, 
2009). Unless stated otherwise, all values reported are 
means ± standard deviation. 

Results 

As shown in Table 1, across the sets of tested 
individuals the body mass of females did not 
significantly differ. Likewise, neither the body mass 
of first nor second mating males differed significantly 
across the sets (first males: 336.0±51.5 mg, n=39; 
second males: 327.2±52.1 mg, n=39; U=671.0,/>=0.37). 
Similarly, the ejaculate mass transferred by the first 
as well as the second males did not significantly differ 
across the sets (first males: 12.9±5.5 mg, n=39; second 
males: 10.7±6.2 mg, n=39; U=623.0, p=0A7). 

Average viability of eggs laid by females that mated 
with two N males (X SelN/N ) was 86.9 %, while that 
of eggs laid by females that mated with two S males 
(X SetS/s ) was 17.9 % (Table 2). By using these values, 
the P 2 value of each female in the sets N/S and S/N, 
respectively, was estimated. 


P values ranged from 0% to 100%. No individual 
showed a value in the range between 30-70% (Fig. 
2). Thus, P t> values showed a bimodal distribution, 
with either the first or the second male taking “sperm 
priority.” First-male priority (P t ,<30%) occurred in 
13 of the 23 twice-mated females, and second-male 
priority (P 9 >70%) occurred in the other 10. 

The P 2 value was higher when the second male 
transferred a larger spermatophore than the first 
one (Fig. 3; z=2.00, &=0.0452). Thus, males who 
transferred larger spermatophores than their 
opponents were more likely to take sperm priority. 
The mating order of the sterilized males did not affect 
the P 2 value (z=0.55, n.s.) indicating that sterilization 
per se did not decrease competitive ability of sperm 
(Table 3). In addition, the P 2 value did not increase 
with the number of eggs laid before the second mating 
of females (z=-0.09, n.s.). 

Discussion 

Watanabe 8c Sasaki (2010) demonstrated that 
sperm ejection by female P. xuthus occurred when 
the female received a larger spermatophore from the 
second male, and they suggested that sperm ejection 
is the mechanism by which paternity is biased towards 
preferred males. In the present study, we found that a 
higher P 9 value was achieved when a female received 
a larger spermatophore from the second male. 
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Although we used the weight increase in female mass 
as a proxy for spermatophore size, there seemed to 
be a strong relationship between sperm ejection and 
paternity in this species. 

P 9 values of P. xuthus exhibited a bimodal 
distribution with peaks at 0% and 100%. As 
suggested by Watanabe et al. (2000), once sperm 
ejection occurs, almost all sperm of the first male in 
the spermatheca is lost, and the remaining sperm is 
placed in the background of the spermatheca by the 
second male’s apyrene sperm. Consequently, most 
eggs laid after the second mating will be fertilized 
by the second male’s sperm. On the other hand, 
when sperm ejection does not occur, little sperm of 
the second male can enter the spermatheca, because 
the spermatheca is fully filled by the sperm of the first 
male. Watanabe 8c Hachisuka (2005) pointed out 
that the spermatheca of the lepidopteran female has 
a restricted storage capacity. LaMunyon (2000) also 
reported that the storage capacity of the spermatheca 
of the tobacco budworm, Heliothis virescens (Fabricius, 
1777), is approximately the mass of one ejaculate. An 
alternative to the first male sperm priority hypothesis 
is that females that received a smaller spermatophore 
from the second male did not allow the second male’s 
sperm to enter the spermatheca. Sperm migration 
from the spermatophore to the spermatheca depends 
largely on the female’s musculature (Tschudi-Rein 
8c Benz, 1990), and Curril 8c LaMunyon (2006) 
suggested that females of the moth Utetheisa ornatrix 
(Linnaeus, 1758), shunt the sperm of unwanted males 
to different organs rather than to the spermatheca. 

The bimodal distribution of P 9 value with peaks 
of 0% and 100% indicates the low mixing potential 
of sperm in the spermatheca of female (LaMunyon 
8c Eisner, 1993). Thus, the distribution of P 2 value 
of P. xuthus does not seem not to be explained by 
numerical sperm competition (but see Harvey 8c 
Parker, 2000). The small changes in P 9 values in 
relation to the number of eggs laid before the second 
mating of females also suggests that the amount of the 
first male’s sperm in the spermatheca did not affect 
the fertilization success of both males. 

In the present study, females predominantly 
used sperm from the male who transferred the 
larger spermatophore for oviposition. The benefits 
of producing a large spermatophore have been 
discussed in many lepidopteran species from the male 
perspective (Gwynne, 2008). The spermatophore 
represents a male’s mating effort, since a large 
spermatophore can increase the female refractory 
period (Sugawara, 1979), resulting in more eggs being 
inseminated by the male’s sperm. The spermatophore 
also functions as a paternal investment, because 
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Figure 2. Frequency distribution of P 2 values in 23 twice- 
mated Papilio xuthus females. 
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Figure 3. Relationship between the relative ejaculate 
mass (log(weight gain of females due to the second 
mating/that of the first mating)) and P 2 values in 23 twice- 
mated Papifio xuthus females. Statistical results are 
shown in Table 3. 


nutrients contained in the spermatophore are 
used by a female to increase her longevity (Boggs 
8c Watt, 1981) and reproductive output (Watanabe, 
1988). Since the male’s ability to produce a large 
spermatophore is heritable (Wedell, 2006), females 
gain an indirect benefit by choosing sperm from the 
male that transferred a larger spermatophore. 

The bimodal distribution of P 2 values with peaks 
near 0% and 100% indicate that CFG must have an 
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impact on male fertilization success in P. xutfius. 
Most eggs will be fertilized by only one male chosen 
by the female. In addition, ejaculation is costly to 
the male (Bissoondath 8c Wiklund, 1997). Males 
who re-mate within 1-2 days after a previous mating 
cannot produce as large a spermatophore mass as 
virgin males (Niihara 8c Watanabe, 2009). Two 
to three days of exclusive feeding on nectar are 
needed for the recovery of the ability to produces 
a full spermatophore mass (Watanabe & Hi rota, 
1999). Therefore, males should not re-mate within 
1-2 days after a previous mating to avoid selective 
disadvantages through CFG. 
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